Introduction
One humped camel (Camelus dromedarius) is a unique creature belonging to old world camelid that is adapted for desert life. These camels are found mainly in the Middle East with extension into tropical and subtropical areas. With drought becoming an increasingly common global threat, the peculiar nature of the camel to cope with hot and arid conditions makes it a strategically important animal. For 14 centuries, the dromedary has been referred to as a creature of wonder [1] having a special ability to both conserve and store water. The camel can survive long periods even after more than 40% loss of its body hydration. Moreover, camels can drink as much as 57 l of water in a short period of time; such rapid rehydration is capable of causing death to other mammals.
The camel shows a true rumination pattern of digestion, expected for a ruminating ungulates; however, based on anatomical and physiological issues, it is considered as pseudoruminant. The camel also has the highest blood glucose level among all ruminants with similarly high glucagon levels [2] .
Dromedary red blood cells have an unusual elliptical shape, possibly to facilitate their flow in the dehydrated animal. These cells are also showing less osmotic fragility than red cells in other mammals [3] . Thus, the camel's red blood cells can withstand high osmotic variation without rupturing, even during rapid rehydration. This may result from altered membrane phospholipids distribution in its red blood cells [4] . Interestingly, as a result of having very efficient kidneys, the camel urine is as thick syrup and feces are so dry that they can fuel fires [5] Sporadic research has led to discoveries of the uniqueness of dromedary, but our understanding of this domestic ruminant is still in its infancy. For example, camelids have an unusual immune system, where part of the antibody repertoire is devoid of light chains [6] . The role of the camel's immune system to their resistance to hot arid environments is currently unknown. The current systemic study attempts to elucidate the molecular basis for the adaptive changes required for the camel's survival in an arid environment. The peculiarity of dromedary camel among mammals turns our eyes to study its proteome in comparison with rat. The choice of rat as a generally accepted central point mammalian model expands our scope of comparison beyond the limited frame of ungulates. Proteomic differences between different organs in the camel and the rat are examined by two-dimensional (2D) mass spectrometry (MS/MS)-enabled 2D electrophoresis. This study affords a better understanding of the interplay between mammalian homeostasis and a harsh environment.
Material and methods

Tissues
Healthy, clinically normal adult male one humped camels (Camelus dromedarius) were used in the study. Animals were kept on rest with food and water ad libitum one week before slaughtering. Liver, heart, brain, kidney, and hump fat from camels were collected and cut into thin slices at an authorized abattoir house (Giza District, Egypt). At least five animals were sampled for each organ. Samples were snap-frozen in liquid nitrogen and stored in À70°C until processing. The collection and use of these samples was approved by the Institutional Review Board of Egyptian Animal Health Affairs. Samples of the same organs were similarly prepared from rat (Rattus norvegicus) maintained at the animal care unit (Medical School -Inje University, Republic of Korea).
2D-gel electrophoresis and proteomics
Protein samples from camel organs were examined in parallel with rat control organs. Proteins were extracted for 2D gel electrophoresis using a 2D Quant kit (GE Healthcare) as previously described [7] and described in Supplementary data sheet 1.
Image analysis
Silver-stained gels were scanned on a flatbed scanner (Umax PowerLook 1100; Fremont, CA, USA), and the resulting digitized images were analyzed using ImageMaster 2D Platinum software (GE Healthcare). At least three separate gels of the same organ from different animals were independently analyzed to increase experimental certainty. Further gel analysis was performed as previously described [8, 9] and listed in Supplementary data sheet 2.
Protein mass analysis and identification
The selected stained spots were excised, destained, reduced and digested with trypsin. Peptides were analyzed with matrix assisted laser desorption ionization (MALDI) TOF/TOF mass spectrometer, 4700 Proteomics Analyzer (Applied Biosystems, Framingham, MA) for protein identification [7, 8] . Resulting data were analyzed by GPS ExplorerTM 3.5 (Applied Biosystems) software. The proteins were identified by using MAS-COT 2.0 search algorithm (Matrix Science, London) to search rodent subset of the National Center for Biotechnology Information (NCBI) protein databases.
Results
Data handling
The logical evaluation of the camel proteome is complicated by the absence of previously published genomic and proteomic data. Since rat (Rattus norvegicus) is a well known mammalian model with many Protein Data Bank (PDB) entries, the proteome of corresponding rat organs was used as the reference control. The protein levels in various camel organs were visualized on 2D electrophoresis gels. Based on an automated spot-counting algorithm (Image Master 2D Platinum), means of 1325 ± 95 protein spots were detected in the gel of the heart, liver, adipose tissue, kidney, and brain. All spots were distributed in the region of pI 4-9 and had relative molecular weights (MW) between 15 and 200 KDa. The protein spots in both camel and control gels were then excised from the gel and incubated with trypsin to digest the proteins in the gel, which were then analyzed by MALDI-time of flight (TOF) MS/MS.
Camel heart proteome
The camel heart proteome showed a well matched proteomic image to that of the rate heart control ( Fig. 1 and Table 1 ). It is clear that actinin and alpha B-crystallin were markedly overexpressed in camel compared to that of the control (Fig. 2 ). In the 2D electrophoresis-MS/MS data, alpha B-crystallin in camel heart showed peptides (Fig. 3A ) that covered both conserved domains of bovine alpha B-crystallin [Bos taurus] as well as the intervening peptides (57-69 amino acid residues). These results demonstrate a strong identity between camel and bovine alpha B-crystallin with possible two sites for phosphorylation. Despite a twofold increase in the expression of NAD+-dependent isocitrate dehydrogenase in camel heart when compared to the rat heart, there was a parallel down regulation of ATP synthase expression. Moreover, all the overexpressed proteins had acidic pIs.
Physical distribution of the camel proteome
Camel heart proteomic data closely matched its counterpart rat proteome. To amplify the differences in proteomic data from the remaining organs, each gel was divided into four quarters and proteins separated based on MW and pI. The relative abundance of proteins in each group was estimated from the total number spots, and the percent area in each quarter gel occupied by proteins as revealed by gel imaging. These data were then compared to the corresponding quarters in rat control for liver adipose tissue and kidney ( Fig. 4A-C) . Interesting, both adipose tissue and kidney proteomes shared a higher density of acidic proteins (pI < 7). While these acidic proteins are concentrated in the low molecular weight range in hump adipose tissue, in the kidney proteome, these acidic proteins displayed a wide range of molecular weights.
Camel liver proteome
The camel liver proteome was dissimilar to the rat liver control. An area of well defined dimensions (pH and MW) was selected in that showed marked similarity by visual and digital inspection (Fig. 5A ). The protein spots within these clearly defined boundaries were then analyzed by MALDI-TOF MS or MS/MS. The proteins identified in camel proteome with no corresponding counterpart in the rat control are representative of overexpressed proteins. To determine the amino acid sequence of proteins of camel proteome that does not match with the known proteome MS database, the MS/MS was then performed. The results of proteins were identified by MS, MS/MS for liver of camel and rat, respectively (Tables 2 and 3 ). The amino acid sequence from MS/MS of the guanidinoacetate methyltransferase ( Fig. 6 ) matched this same protein in the corresponding NCBI peptide database. Among the determined set of liver proteins, a total 13 proteins were identified by MS to be over 70 (Mowse score) and/or over 34 in MS/MS peptide sequencing. The liver proteome showed differential expression of metabolic enzymes and cytoskeleton proteins. In contrast to the large number of metabolic enzymes identified in rat liver within the circled area, few of these were observed in the camel proteome (Fig. 5A) . The MS/MS data show the similarity of camel metabolic enzymes to those of other species.
Camel hump fat proteome
The proteome of hump adipose tissue was analyzed in comparison with adipose tissue of rat similar to that of liver (Fig 5B; Tables 4 and 5 ). Hump fat adipose tissue displayed many more protein spots than that of rat adipose tissue. Unlike the rat control, the proteome of camel adipose tissue contains cytoskeleton proteins together with heat shock proteins, including hsp 27, hsp 70, and vimentin (see insert circled area in Fig. 5B ).
These data clearly confirm the presence of actin and tubulin cytoskeletal proteins and high abundance of vimentin, suggesting the overexpression of cytoskeleton proteins in fat cells.
Camel hump adipose tissues also actively perform glycolysis involving the Krebs cycle and hexose monophosphate pathways, as evidenced by the expression of glyceraldehydes-3-phosphate dehydrogenase, isocitrate dehydrogenase, and aldolase. The metabolic enzymes in camel adipose tissue share common domains with other species. The conserved domain of cytochrome b5 in rabbit (gi:164785) shares the same common sequence (40-89 amino acids residues) observed in camel adipose tissue as indicated by MS/MS (Fig. 3B ). This finding supports the extensive homology of the conserved domain of this ortholog gene. Moreover, the present investigation suggests the presence of galectin-1 in camel adipose tissue (Fig. 3C) . The amino acid residues (residues 69-75) in the reported sequence of galectin-1 in sheep (Ovis aries) [gi:3122339] were among those matched by MS/MS to camel.
Camel brain proteome
A number of proteins are uniquely expressed in camel brain with no corresponding protein spots in the equivalent areas of the control. These proteins (Fig. 5C and Table 6 ) are either uniquely expressed or highly expressed in the brain of camel. The camel brain uniquely expresses or overexpresses chaperonin 10, chaperonin-like beta-synuclein, phosphatidylethanolamine binding protein showing marked homology to bovie brains and cytoskeleton tubulin 5-beta (Fig. 3D ).
Camel kidney proteome
Camel kidney revealed only one unique, identifiable spot belonging to calbindin family of proteins ( Fig. 5D and Table 7). Many protein spots failed to match the NCBI peptide MS or MS/MS database.
Discussion
The one humped camel has a unique tolerance for extremely hot and arid conditions. The observed climate change with projected environmental increase in global warming and desertation makes the dromedary camel an economically and logistically strategic animal. The absence of genomic data and a defined proteome makes understanding this important species quite challenging. Proteomic data, even in the absence of a defined genome, should lead to improved understanding of the phenotypic acclimatization of this unique mammal. The current study describes a novel approach to understand the interplay between proteome -homeostasis in the dromedary camel. Camel heart proteome Energy balance and structural integrity are indispensable elements for the optimal performance of camel heart in an arid environment. Both isocitrate dehydrogenase and ATP synthase considerably impact mitochondrial energizing of the camel heart. The relative increase in isocitrate dehydrogenase parallels a decrease in ATP synthase and represents evidence for proton leakage in camel cardiac muscle. The wide range of body temperature fluctuation accompanied by variable respiratory frequency and different level of exhaled water in desert camel [10] require a greater flexibility of camel mitochondria to move between respiratory states. Further investigation is required on camel mitochondria decoupling proteins to confirm this hypothesis. Cardiac myocytes contain intracellular cytoskeleton scaffolds that provide for structural support, compartmentalization of intracellular components, protein synthesis, intracellular trafficking, organelle transport within the cell, and second messenger signaling pathway modulation [11, 12] . The observed overexpression of cytoskeleton proteins in camel heart greatly reduces cellular stress by offering rapid and durable tool for direct cellular communication [13] .
Surprisingly, a marked up-regulation of a-actinin2 expression was observed in camel heart compared to that of the control. Alpha-actinin2 is a cytoskeleton protein belonging to the spectrin gene superfamily. This family has a wide range of cytoskeletal proteins, including the a-and b-spectrins and dystrophins. Alpha-actinin2 is an actin-binding protein with various activities in different cell types. Recent evidence also shows the involvement of a-actinin2 in molecular coupling of a Ca 2+ -activated K + channel to L-Type Ca 2+ channels giving better ion channels modulation [14] . This may result in an improved tolerance for abrupt ionic imbalance with enhanced extra-osmoregulatory capacitance of camel cardiomyocytes.
A sevenfold increase in the expression of alpha B-crystallin fits well with the protection of surrounding structural integrity with improved regeneration. The small heat shock protein alpha B-crystallin is a molecular chaperon, which stabilizes proteins that are partially or totally undergo unfolding as a result of inflammatory stress [15] . Alpha B-crystallin, belonging to the family of ATP-independent chaperones, utilizes minimum energy to prevent misfolded target proteins from aggregating and precipitating. Cardiac crystallin is recently proved to contribute in a localized structural or protective role [16] . Furthermore, MAPK kinase MKK6-dependent phosphorylation of alpha B-crystallin shows cytoprotective effects on cardiac myocytes when they are exposed to cellular stress [17] . The overexpression of alpha B-crystallin in camel heart supports this mechanism and suggests an extra protective role against dehydrating and sudden rehydration stress in arid environments. A high level of identity was observed between bovine in both conservative domains of bovine alpha B-crystallin [Bos taurus] and the intervening peptides (57-69 aa). These results afford two possible phosphorylation sites in the three major serine residues (Ser19, Ser45, and Ser59) previously shown to be available for post-translational modification [18, 19] . Phosphorylation enhances the chaperone activity of alpha Bcrystallin, protecting against two types of protein misfolding, amorphous aggregation, and amyloid fibril assembly in the heart [20] . Interestingly, the camel heart proteome shows a relatively similar pattern of distribution of rat heart regarding the localization based on pI scaling and molecular weight distribution.
Proteome interprets the organ uniqueness in liver morphology
Liver is a metabolically active organ contributing in many homeostatic mechanisms. The maintenance of liver activity necessitates the presence of active metabolic and energy saving enzymes, available building blocks, and the safeguarding of the newly formed biomolecules. The hepatic proteome of camel metabolic enzymes indicates a wide range of similarity with other mammals. Energy shuttling enzymes, such as ATP synthase (b-subunit), are similar in the hepatic proteome of camel and other known species. Moreover, energy related and fatty acid regulatory enzymes show a high level of identity to other species. These include citric acid cycle enzymes, NAD-dependent isocitrate dehydrogenase, members of b-oxidation of fatty acids, including acyl-CoA dehydrogenase and enoyl-CoA hydratase, and even the cholesterol synthesis regulatory enzyme b-hydroxy b-methyl glutaryl CoA reductase.
Camels can tolerate starvation while maintaining a constant nitrogen balance with urea nitrogen recycling [21] . Keeping available nitrogen is essential resource for synthesis of other bioactive nitrogenous molecules including creatine. Creatine phosphate is among the most important energy currency of the cell. This is the first report of enhanced levels of guanidinoacetate methyltransferase in a liver proteome. Guanidinoacetate methyltransferase, a key enzyme of creatine phosphate synthesis, has more protective role on Na + , K + -ATPase, and mitochondrial creatine kinase activities and an antioxidant role against lipid peroxidation and guanidinoacetate accumulation [22] . This suggests an additional homeostatic mechanism in camel hepatocytes.
Building new biopolymers is facilitated with guaranteed available energy accompanied by suitable anti-misfolding chaperones and adequate cytoskeleton proteins. Rapid intraand/or intercellular communication are enforced by the presence of annexin cytoskeleton in camel liver proteome. Antioxidant glutathione peroxidase may afford an extra hepatocellular adaptive mechanism in camel against either heat-induced and/or acid-induced amorphous aggregation of proteins. Mitochondrial import stimulation factor is a known cytoplasmic chaperone specific for mitochondrial precursors [23] . It is related to 14-3-3 protein epsilon. This ubiquitous eukaryotic protein family exhibits a wide range of protein interaction-mediated regulatory and chaperone properties with phosphorylation-dependent affinity. Phosphorylated proteins have much higher affinity when compared with non-phosphorylated ones, explaining the role of 14-3-3 proteins in controlling protein kinases and other cellular events including autophagy and tumorigenesis through Beclin 1 phosphorylation [24, 25] . Previous investigation has extended the role of 14-3-3 protein in the interaction with different Na + /Ca 2+ exchangers. This maintains a low free Ca 2+ concentration within the vital cellular limit, by regulating their function, and, as a result, Ca 2+ signaling in the cell [26] .
Hump fat proteome: A dynamic rather than quiescent homeostatic domain
Adipocytes play a central role in energy balance by serving as major site of storage and energy expenditure [27] . The relatively high abundance of low molecular weight and low pI proteins in hump fat suggests an enhanced tolerance toward acidity and a prominent involvement in cellular events. Camel hump fat displayed more proteins than rat adipose tissue, suggesting a more metabolically active tissue. In addition to a well-developed cytoskeleton, containing actin and tubulin, the data confirm the presence and the high levels of vimentin. Moreover, vimentin's essential role in the signal transduction pathway from ss3AR to the activation ERK and its contribution to lipolysis [28] makes vimentin an early marker of adipogenesis. Vimentin regulates lipid droplet content during differentiation [29, 30] and controls the key signaling components of lipid raft processing.
[31]. Moreover, the higher level of glucagon in camel with consequent elevated basal blood glucose [2] is consistent with the proposed role of vimentin in GLUT-induced adipocyte glucose transport [32] . These data suggest a possible modulating role of adipocyte vimentin for the tolerance of high blood glucose levels in camel. Vimentin might operate as an inducer of a cellular trap for glucose in behalf of adipocyte energy storage. Furthermore, the dynamic nature of vimentin could offer the flexibility of fat cells. Since vimentin provides cells with resilience during mechanical stress in vivo, it may response for maintaining cell shape, integrity of its cytoplasm, and stabilizing cytoskeletal interactions. The observed high abundance of vimentin in camel adipocytes could promote the morphology of the hump of the well-nourished camel and can be considered as an adaptive correlate beneficial for living in arid conditions. Cytochrome b5, a component of dromedary hump tissue, is a membrane bound hemoprotein, which functions as an electron carrier for several membrane bound oxygenases. Its presence in camel fat indicates a well-developed enzymatic system contributing to the detoxification of xenobiotics. Moreover, the conserved domains of cytochrome b5, with rabbit sharing a common sequence (40-89 amino acids residues), supports the extensive homology of this ortholog gene.
Galectin-1, b-galactoside-binding soluble 1 (L-14-I), is a component of dromedary adipocyte. Galectin-1 is widely expressed in epithelial and immune cells, contributing to the control of basic cellular processes, such as proliferation, apoptosis, and signal transduction, and immune modulation [33] . The present investigation suggests a similar role in camel adipocyte metabolism as described for other mammals [34] . The region of interest (residues 69-75) matches carbohydrate-recognition domain. Since the identity of galectin from different mammalian species is 80-90% [35] , it is likely that galectin-1 also functions similarly.
Brain proteome
b-Synuclein has been shown to act as chaperonin inhibiting the fibrillation of a-synuclein [36] . The overexpression of b-synuclein in camel brain suggests an additional mechanism to prevent neurodegeneration in brain under intensive environmental stress.
MS/ MS of the guanidinoacetate N-methyltransferase (Table 8 ). 
Camel proteome and heat shock proteins
Despite a preliminary investigation on a 73 kDa heat shock protein (hsp 73) in camel [37] , there are no recent reports on hsp in camel. In the current study, proteins with extensive homology to the hsp 65, hsp 27, and chaperonin 10 were found in various camel organs. Heat shock proteins defense against dehydration or thermal stress in arid environments.
General outlook and implication of a well-developed cytoskeleton
The entire economy of the cell is a function of the structure of its transport facilities. Cytoskeletal proteins sculpt the structural architecture of cells and are classified into three groups: microfilaments represented in our data finding by actin filaments; intermediate filaments e.g. vimentin as that found in hump fat cells; and microtubules as different kind of b-tubulin. Different cytoskeletal protein monomers can build into a variety of structures based on associated proteins. Actin filaments are dynamic with their length controlled by polymerization driven through nucleotide hydrolysis. Additionally, actin filaments act with microtubules as railroads for motor proteins carrying transport vehicles, unfolded/misfolded proteins, and chromosomes important for cell-cell communication and survival [13] . Widely distributed adherence junctions are selfassembled cadherins interacting with ß-catenin, which binds a-catenin and in turn interact with the actin cytoskeleton [38] . Their overexpression in the heart together with actin enhances intracellular communication. In non-muscle cells, the cytoskeletal isoform is found along with microfilament bundles and adherence junctions that bind actin to the membrane. The almost tenfold increase in a-actinin2 expression in camel heart and the presence of b-tubulin as a major energy determent cytoskeleton in the camel brain confers stress adaptation to the camel while guaranteeing more flexibility in ion channel modulation [13] to keep pace with abrupt ionic imbalances associated with dehydration-rehydration cycles.
Cytoskeleton-cellular signaling possible interplay
The DVL-binding protein DAPLE and the marked expression of actins suggest a possible interplay between cytoskeleton and fine tuning of intracellular signaling in camel hepatic cells. DAPLE binds to Dvl and functions as a negative regulator of the Wnt signaling pathway [39] . The Wnt pathway (known as the wingless pathway in Drosophila) has a role in organ development in a number of species [40] with the potential of carcinogenesis development on sudden activation [41] . The inductive properties of Wnt signaling are mediated by setting free actin-bound b-catenin. The accumulated b-catenin is then translocates to the nucleus where it binds to T-cell factors and activates transcription of a 
Conclusions
The present investigation tried to shed light on camel proteome as innovative central point to study mammalian evolution. Much of the data obtained for camel cannot fit with proteomics data for other mammals. This mismatch is not an artifact but rather support the peculiarity of the camel and in particular its adaptive nature. This study also confirms the conserved nature of many camel proteins. Thus, the camel proteome corresponds to a remote reference useful in developing a perspective of proteomic evolution among different species. 
